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Abstract 

Proton-Exchange Membrane-Fuel Cells (PEM-FC)a are regarded as one of the prime candidates to provide emissions-

free electricity for propulsion systems of aircraft. Here, a turbocharged Fuel Cell Power System (FCPS) powered with 

liquid H2 (LH2) is designed and modelled to provide a primary power source in retrofitted Cessna 208 Caravan aircraft. 

The proposed FCPS comprises multiple PEM-FCs assembled in stacks, two single-stage turbochargers to mitigate the 

variation of the ambient pressure with altitude, two preheaters, two humidifiers, and two combustors. Interlinked 

component sub-models are constructed in MATLAB and referenced to commercially available equipment. The FCPS 

model is used to simulate steady-state responses in a proposed 1.5 h (~350 km) mission flight, determining the overall 

efficiency of the FCPS at 43% and hydrogen consumption of ~28 kg/h. The multi-stack FCPS is modelled applying 

parallel fluidic and electrical architectures, analysing two power-sharing methods: equally distributed and daisy-

chaining. The designed LH2-FCPS is then proposed as a power system to a retrofitted Cessna 208 Caravan, and with 

this example analysed for the probability of failure occurrence. The results demonstrate that the proposed “dual 

redundant” FCPS can reach failure rates comparable to commercial jet engines with a rate below 1.6 failures per million 

hours.  
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1. Introduction 

The need for global decarbonisation calls for sustainable and net zero-emissions aviation. For certain classes of aircraft, 

fuel cells (FC) are a promising technology to provide CO2-free electrical power [1]; hence, FC-based and hydrogen-

fuelled power systems have recently gained prominence as an attractive solution for future carbon-free aircraft. For 

example, the HyFlyer II project by ZeroAvia, supported by the UK government, focuses on developing a 19-seat FC-

powered aircraft following their successful demonstration of a 6-seat hydrogen-electric aircraft, with commercialisation 

plans in 2023 [2]. Because of their portable nature and moderate operating conditions (60–80℃), Proton-Exchange 

Membrane-FC (PEM-FC) is considered an attractive, less expensive than batteries [3], option for transportation. For 

operation in aviation, a practical Fuel Cell Power System (FCPS) requires additional equipment, i.e. for reactant delivery 

and conditioning. As a result, a relatively intricate system design is involved, which should be studied and modelled 

before the practical implementation of FCPS in aviation.  

PEM-FCs typically operate >1 bar absolute, but because ambient pressure (Pamb) decreases with altitude (dropping to 

0.70 bar at 3.05 km above the sea level); hence, an “air-breathing” FCPSs in aviation should include a compressor to 

draw and compress the reactant air. During a climbing part of a flight mission, the compressor work increases with the 

altitude, consuming an increasing amount of power. If the FC stack powers the compressor, then less power is available 

for other aircraft systems. Alternatively, turbochargers paired with a combustor offer an alternative solution to provide 

air to FCPS by meeting the compression duty with the work generated by turbines powered by the combustion exhaust. 

The compressor then no longer depends on the electricity generated by the FC, improving overall system efficiency. 

Numerous studies on PEM-FC modelling are available in the literature, differing in the modelling approach. Hoeflinger 

and Hofmann [4] constructed an empirical model for a 25 kW FCPS testbench to study the air delivery subsystem. 

Their analysis presented the pressurisation requirement for a PEM-FC, arriving at the parasitic power consumed by 

the compressor as 10% of the FC-generated power for operations at the ground level. Murugesan et al. [5] and Abdin 

et al. [6] investigated the water generation and transport in PEM-FC stacks by constructing a semi-empirical model of 

a Ballard Mark V 5 kW PEM-FC stack, demonstrating the importance of keeping the PEM-FC humidified to manage 

FC’s resistive losses. A few modelling studies discussed FC systems in the application context; instead, most published 

papers focused primarily on the PEM-FC’s operating parameters. For land-based vehicles, Kerviel et al. [7] proposed 

PEM-FC and Solid-Oxide Fuel Cell (SOFC) power systems, with FCs modelled as black-boxes. Models of both FC 

systems included electric-turbochargers and other auxiliary components, creating interlinked simulation environments. 

Xun et al. [8] modelled a hybrid power system with an FC and a supercapacitor to power an electric vehicle, Honda 



Clarity. Although comprehensive for the powertrain system analysis, the published studies focused on ground-level 

applications, while similar insight into FC-power systems for aircraft is lacking.  

Relating to the application of FCPS for aircraft, Guida and Minutillo [9] proposed a design for FCPS-based electrification 

of aircraft subsystems, satisfying power requirements other than propulsion. The proposed 24 kW FCPS for replacing 

the auxiliary power unit was designed using commercially available equipment. Kadyk et al. analysed the potential of 

FCPS as a power system for fully electric aircraft, reconfiguring Airbus A320 and Boeing B772 [10]. Both aircraft were 

analysed looking at representative flight missions, with power requirements >25 MW. However, not much detail on 

commercial FC stacks or other FCPS components was provided as the power system's modelling was kept to a 

minimum. Although the need for turbocharging was not mentioned, the listed studies described crucial design 

considerations for FCPS in aviation, discussing obstacles to overcome and possible approaches for simulating flight 

missions. Turbocharged FCPS for aircraft applications flying at ~40,000 ft (typical altitude for long-distance passenger 

aircraft) was assessed by Campanari et al. [11] but focusing on the electrification of auxiliary power units rather than 

propulsion. Atreya et al. [12] analysed three different architectures with SOFC, PEM-FC, and internal combustion 

engine (ICE) for High-Altitude Long-Endurance (HALE) aerial vehicles flying at 60,000 ft above sea level, with all 

systems powered with liquid H2 (LH2) as a fuel. The authors discussed and highly recommended turbochargers as an 

attractive solution to deliver air to the power systems, with compressors being efficiently powered by the shaft work 

from turbines. However, the turbocharging system was not modelled; hence, a comprehensive assessment of the 

proposed FCPSs is still missing. 

Nevertheless, both Campanari et al. [11] and Atreya et al. [12] proposed top-level designs for turbocharged PEM-FC 

systems. The anode side in Campanari et al. [11] was proposed to be fed with gaseous H2 from storage or a reformer 

of jet fuel, and one-stage turbocharging was implemented on the airside operating above 0.8 bar. After compression, 

the air passed through a heat exchanger to cool down by exchanging heat with the exhaust from the cathode side. For 

humidification of the FC, direct water injection was applied only at the cathode. The turbine was powered by combustion 

off-gases, created by burning a mixture of kerosene and the exhaust H2 after the cathode. In contrast, Atreya et al. [12] 

included a two-stage turbocharger with intercooling, powering the system with LH2, and accounting for humidification 

of both the anode and cathode sides. To power the turbine, a hydrogen combustor was included, taking the fuel directly 

from storage (LH2), along with unreacted H2 from the FC stacks.  

In a more recent study, an H2-powered propulsion system with internal combustion reciprocating engine (ICE) [13] was 

paired with a turbocharger, with detailed turbocharging specifications. Compressor and turbine models for the 

turbocharger paired with a 90 kW Hydrogen ICE model were used to determine the applicability of the system for a 



HALE aircraft. The mechanical power required by the compressors reached ~50 kW, met by the shaft work from the 

turbines. This is significantly higher than that in ground-level applications, for example, ~2.5 kW of electrical power 

(kWel) required to compress air for a 25 kW FCPS test bench [4]).  

Overall, designing and modelling an entirely FCPS-powered aircraft remains an open and active field of research, 

especially for turbocharged applications, with research gaps in analysing current equipment capabilities, application of 

multi-stack FC modules, and the overall reliability of the system. This paper proposes a new architecture for an FCPS 

powered with LH2, analysing the operation of the presented system with a model constructed in MATLAB. The design 

is then analysed for the performance during a flight mission and the failure rate. Finally, a potential retrofit option into a 

commercial passenger aircraft, Cessna 208 Caravan, is proposed. 

2. Representative Aircraft and Flight Mission 

The Cessna 208 Caravan is a passenger aircraft that can carry up to 14 passengers and uses a single Prattle & Whitney 

turboprop engine rated at 675 shp (503 kW of mechanical power, kWmech) [14]. Its max altitude is 25,000 ft (7.62 km), 

but because the cabin is unpressurised, the recommended cruising altitude is 10,000 ft (3.05 km) [15]. The maximum 

range is ~1900 km and depends on the aircraft’s fuel capacity (usable jet fuel weight of 1009 kg). At ≥90% motor 

efficiency [16], an electric propulsion counterpart will need to be sized at ~560 kWel. This power level can be supported 

by batteries, as in the recently demonstrated electric variant of the aircraft, eCaravan, which used the 560 kWel 

magni500 propulsion system with 1 tonne of lithium-ion batteries [17]. The eCaravan version of Cessna 208 has a 

reduced maximum occupancy of 6 passengers. The reported eCaravan flight demonstration lasted 30 min, requiring at 

least an equal recharge time. Estimating the energy density of Li-ion batteries to be, optimistically, 265 Wh/kg [18], the 

demonstrated flight duration appears to be close to the maximum achievable duration for this e-aircraft 

(265 Whkg−1  × 1000 kg ÷ 560,000 W ≈ 0.5 ℎ).  

Using the Cessna 208 Caravan’s flight manual [19] as a guide, a representative flight mission could be constructed 

from the typical climb and descent rates, engine rotations per minute and torque, and the related fuel consumption. 

Here, a short-haul 1.5 h flight is proposed, covering at least 350 km (e.g. CDG Paris ↔ Heathrow [20] or equivalent). 

Figure 1 illustrates the constructed flight mission. This mission is later used to assess the performance of the Cessna 

208 Caravan retrofitted with a new FCPS powered with LH2. 

Key flight requirements for a 350 km mission: 

• Cruising altitude: 10,000 ft (3048 m) with unpressurised cabin, 

• 𝑃𝑜𝑤𝑡𝑎𝑘𝑒𝑜𝑓𝑓 = 560 kW𝑒𝑙 (engine specifications), 

• Average climb rate to cruising altitude: 12.25 km/h (translates to ~0.25 h of climbing),  



• Average climb gradient to cruising altitude: 55.41 melevation/kmdistance, covering ~55 km of the mission, 

• 𝑃𝑜𝑤𝑑𝑒𝑠𝑐𝑒𝑛𝑡 = 323 kW𝑒𝑙 (based on the fuel consumption), 

• Average descent rate to sea level:  14.63 km/h, lasting ~0.2 h, covering ~45 km of the mission, 

• Cruise power: average 390 kWel (max. 488 kWel, min. 332 kWel), calculated as: 

      𝑃𝑜𝑤𝑐𝑟𝑢𝑖𝑠𝑒 = [𝑇𝑜𝑟𝑞𝑢𝑒(𝑓𝑡. 𝑙𝑏) × 𝑅𝑃𝑀 ÷ 5252
𝑅𝑃𝑀 𝑓𝑡.𝑙𝑏

𝐻𝑃
] ÷ 0.9 

      𝑃𝑐𝑟𝑢𝑖𝑠𝑒 = [1400 𝑓𝑡 ∙ 𝑙𝑏 × 1750𝑅𝑃𝑀 ÷ 5252
𝑅𝑃𝑀 𝑓𝑡.𝑙𝑏

𝐻𝑃
] ÷ 0.9 

      𝑃𝑐𝑟𝑢𝑖𝑠𝑒 ≈ 518 𝐻𝑃 ⇒ 390 𝑘𝑊𝑒𝑙 

• Cruising for 1.05 h covering approximately 300 km of the mission. 

The maximum distance reaches ~400 km, giving a safe margin for commercial, medium-distance missions.   

3. Methods 

At high altitudes, the ambient pressure drops; hence, the operation of fuel cells requires additional components, starting 

with a compressor to provide airflow at required pressure. Using the approach of turbocharging, we propose to drive 

the compressor with a turbine, which, in turn, will run on flue gases from an H2-combustor. The power requirement for 

the aircraft mission, presented in Fig. 1, will be delivered solely by the work of PEM-FCs assembled in stacks. Because 

PEM-FCs work at 60-80ºC, the required flows of compressed air and H2 need to be cooled and heated, respectively. 

Moreover, to keep the PEM humidified, the moisture content should be managed. Summarising the above 

requirements, the FCPS proposed here will comprise PEM-FCs, a turbocharger with a heat exchanger, an air 

humidifier, and a combustor. To decide on the system architecture, component sub-models were constructed in 

MATLAB and linked to form a complete FCPS model. Though these are lumped models, reference to commercially 

available equipment was prioritised where available. Based on the simulation results, an optimised FCPS architecture 

is proposed and presented in Section 4.  
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Figure 1. Flight mission constructed using Cessna 208 Caravan flight manual [19]. 
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3.1. PEM-FC model 

Electrochemical principles and thermodynamics were used to build the core of a PEM-FC model, later including typical 

empirical constants and correlations taken from the literature. The following assumptions were made:  

1. The modelled FC stacks operate at moderate and constant pressures (1 − 2 bar; all pressures discussed in the 

manuscript are absolute) and temperatures (60 − 80°C); hence, the ideal gas behaviour remains valid. 

2. Negligible pressure drop across the stack and no pressure gradient between the FC electrodes were assumed.  

3. The thermal architecture was not modelled; it was assumed that the FC stacks include an optimised, prefabricated 

cooling system (e.g. as offered by FC stack manufacturers [21, 22]). Negligible energy requirement for the cooling 

system was also assumed as justified by the results of Han et al. [23].  

4. Membranes water activity (𝜆), a parameter that governs ohmic losses, was assumed to depend solely on the 

relative humidity (RH) of air at the cathode as per Toyota MIR I’s stack system without self-humidification [24] 

discussed and analysed by Liu et al. [25]. The water concentration gradient formed between the cathode and anode 

was assumed sufficient to maintain a uniform 𝜆 across the membrane, leaving the H2 at the anode side essentially 

dry.    

5. The chemical activity of the product, liquid water, was taken as unity. Efficiency calculations for the fuel cells were 

based on the high heating value of H2 (HHVH2). For the combustor, the calculations were performed using the low 

heating value (LHVH2) to simulate a physically realistic outcome (no liquefication of H2O from combustion off-gases).  

Previously published studies with turbocharged PEM-FC for aviation reported results based on LHVH2 and HHVH2 

([11, 12]). Hence, care should be taken when comparing efficiencies. 

A single PEM fuel cell is an electrochemical cell, which converts chemical energy into electricity through redox 

reactions: 

H2(g) +
1

2
O2(g) → H2O(l) (1) 

Anode:           H2(g) → 2H+(aq) + 2e− (2) 

Cathode:       
1

2
O2(g) + 2H

+(aq) + 2e− → H2O(l) (3) 

The open-circuit voltage (𝐸𝑜𝑐) is the maximum potential that can be produced by a given cell when there is no load 

connected. The temperature and pressure dependency of 𝐸𝑜𝑐 can be calculated using the Nernst equation [23]. 

𝐸𝑜𝑐 = 𝐸𝑜 − 8.5 × 10
−4(𝑇𝑠𝑡𝑎𝑐𝑘 − 298.15 𝐾) +

𝑅𝑇𝑠𝑡𝑎𝑐𝑘
2𝐹

ln (
𝑝𝐻2 . 𝑝𝑂2

0.5

1
) (4) 



where, 𝐸𝑜 is the H2|O2 redox Standard Potential (1.229 V), 𝑅 is the universal gas constant, 𝑇𝑠𝑡𝑎𝑐𝑘 is the stack operating 

temperature, 𝐹 is the Faraday constant (96,485 C/mol),  𝑝𝐻2 is the partial pressure of H2, and 𝑝𝑂2 is the partial pressure 

of O2. Details on the Nernst equation and the origin of the -8.5×10-4 constant are given in the Supplementary Material, 

Section A. 

In FC operations, energy losses fall into three categories with magnitudes varying with the current load; these are (1) 

activation, 𝑉𝑎𝑐𝑡, (2) ohmic, 𝑉𝑜ℎ𝑚𝑖𝑐, and (3) concentration, 𝑉𝑐𝑜𝑛𝑐, overpotentials: 

𝑉𝑐𝑒𝑙𝑙 = 𝐸𝑜𝑐 − 𝑉𝑎𝑐𝑡 − 𝑉𝑜ℎ𝑚𝑖𝑐 − 𝑉𝑐𝑜𝑛𝑐 (5) 

The activation overpotential, 𝑉𝑎𝑐𝑡, arises at both electrodes: 

𝑉𝑎𝑐𝑡 = 𝑉𝑎𝑐𝑡,@𝑎𝑛𝑜𝑑𝑒 + 𝑉𝑎𝑐𝑡,@𝑐𝑎𝑡ℎ𝑜𝑑𝑒 (6) 

and can be calculated as: 

𝑉𝑎𝑐𝑡,@𝑎𝑛𝑜𝑑𝑒 =
𝑅𝑇𝑠𝑡𝑎𝑐𝑘
2𝛼𝑎𝑛𝑜𝑑𝑒𝐹

ln (
𝑖𝑙𝑜𝑎𝑑 + 𝑖𝑛
𝑖0,𝑎𝑛𝑜𝑑𝑒

) (7) 

𝑉𝑎𝑐𝑡,@𝑐𝑎𝑡ℎ𝑜𝑑𝑒 =
𝑅𝑇𝑠𝑡𝑎𝑐𝑘

2𝛼𝑐𝑎𝑡ℎ𝑜𝑑𝑒𝐹
ln (

𝑖𝑙𝑜𝑎𝑑 + 𝑖𝑛
𝑖0,𝑐𝑎𝑡ℎ𝑜𝑑𝑒

) (8) 

where, 𝛼𝑎𝑛𝑜𝑑𝑒 is the charge transfer coefficient at the anode, 𝑖𝑛 is the internal current density, 𝑖0,𝑎𝑛𝑜𝑑𝑒 is the exchange 

current density at the anode, 𝛼𝑐𝑎𝑡ℎ𝑜𝑑𝑒 is the charge transfer coefficient at the cathode, and 𝑖0,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 is the exchange 

current density at the cathode. 

Activation losses are related to the kinetics of the electrochemical reactions and the charge transfer at the surface of 

the electrodes or catalyst layer [26]. The exchange current density at a given electrode then depends on the 

temperature and catalyst specifications [3]:  

𝑖0,𝑎𝑛𝑜𝑑𝑒 = 𝛾𝑟𝑓 exp [−
∆𝐺𝑎𝑐𝑡,𝑎𝑛𝑜𝑑𝑒

𝑅
(

1

𝑇𝑠𝑡𝑎𝑐𝑘
−

1

𝑇𝑟𝑒𝑓
)] 𝑖0,𝑎𝑛𝑜𝑑𝑒

𝑟𝑒𝑓 (9) 

𝑖0,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 𝛾𝑟𝑓 exp [−
∆𝐺𝑎𝑐𝑡,𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑅
(

1

𝑇𝑠𝑡𝑎𝑐𝑘
−

1

𝑇𝑟𝑒𝑓
)] 𝑖0,𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑟𝑒𝑓 (10) 

where, 𝛾𝑟𝑓 is the electrode roughness factor, ∆𝐺𝑎𝑐𝑡,𝑎𝑛𝑜𝑑𝑒 is the Gibbs free energy of activation at the anode, 𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑟𝑒𝑓

 

denotes the reference 𝑖0,𝑎𝑛𝑜𝑑𝑒, then, 𝑇𝑟𝑒𝑓 is the reference temperature (298.15 K), ∆𝐺𝑎𝑐𝑡,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 is the Gibbs free energy 

of activation at the cathode, and 𝑖0,𝑐𝑎𝑡ℎ𝑜𝑑𝑒
𝑟𝑒𝑓

 denotes the reference 𝑖0,𝑐𝑎𝑡ℎ𝑜𝑑𝑒. 

The ohmic overpotential (𝑉𝑜ℎ𝑚𝑖𝑐) arises from the internal electrical resistance in the FC stack, i.e. the resistance of 

materials used for the electrical circuitry, and, more significant, ionic losses in the membrane [26] which, in turn, depend 

on the humidification of the membrane and its thickness; 



𝑉𝑜ℎ𝑚𝑖𝑐 = 𝑅𝑖𝑜𝑛𝑖𝑐,𝑚𝑒𝑚𝐼 =
𝛿𝑚𝑒𝑚
𝐴𝜎𝑚𝑒𝑚

𝐼 =
𝛿𝑚𝑒𝑚
𝜎𝑚𝑒𝑚

𝑖𝑙𝑜𝑎𝑑 (11) 

where, 𝑅𝑖𝑜𝑛𝑖𝑐,𝑚𝑒𝑚 is the resistance of the membrane, 𝐼 is the load current, 𝛿𝑚𝑒𝑚 is the membrane thickness (taken as 

0.0183 cm, Nafion 117 [5]), 𝜎𝑚𝑒𝑚 is the membrane conductivity. 

In Eq. (11), 𝜎𝑚𝑒𝑚 was calculated using an empirical expression for Nafion-based membranes [5], [6]: 

𝜎𝑚𝑒𝑚 (Ω
−1𝑐𝑚−1) = (0.005139𝜆 − 0.00326) exp [1268 (

1

303𝐾
−

1

𝑇𝑠𝑡𝑎𝑐𝑘
)] (12) 

with  

𝜆 = 0.043 + 17.18(𝑅𝐻) − 39.85(𝑅𝐻2) + 36.0(𝑅𝐻3)

𝜆 = 14 + 14(𝑅𝐻 − 1)                                                           
𝑅𝐻 ≤ 1

1 < 𝑅𝐻 ≤ 3
(13) 

The RH was calculated based on the water content at the cathode fed with humid air and the saturation pressure of 

water at the operating temperature. The RH calculations accounted for the H2O formation from the redox reaction, 

arriving at the final RH by taking the logarithmic average between the outlet and inlet as proposed by Lazar et al. [27].   

Concentration overpotential (𝑉𝑐𝑜𝑛𝑐) is caused by the local depletion of reactants near the electrodes. This loss occurs 

at high power draws when the generation of current becomes limited by the rate of mass transfer of the reactants. 

𝑉𝑐𝑜𝑛𝑐 = −
𝑅𝑇𝑠𝑡𝑎𝑐𝑘
2𝐹

ln (1 −
𝑖𝑙𝑜𝑎𝑑
𝑖𝐿
) (14) 

where, 𝑖𝐿 is the limiting current density.  

Accounting for the influence of the described losses, typical operating cell voltages for PEM-FC are in the range of 0.6-

0.7 V, though some systems work up to 0.8 V [28]. Thangavelautham [29] showed an exponential drop in the cell 

lifetime operating above 0.8 V. Thus, the FC operation considered here was mostly limited to the Ohmic region, with 

current densities between 0.3 – 1.0 A/cm2. The parameters used in the PEM-FC model are summarised in Table 1.  

Table 1 Empirical parameters used in the PEM-FC Model.  

Parameters Typical range Values used in the model  

𝜶𝒂𝒏𝒐𝒅𝒆 0-1, usually approximated as 0.5 0.35 to match with Ref. [6] 

𝜶𝒄𝒂𝒕𝒉𝒐𝒅𝒆 0-1, usually approximated as 0.5 0.85 to match with Ref. [6] 

∆𝑮𝒂𝒄𝒕,𝒂𝒏𝒐𝒅𝒆 18 kJ mol−1 [30] to 30 kJ mol−1 [31] 29 kJ mol−1[6] 

∆𝑮𝒂𝒄𝒕,𝒄𝒂𝒕𝒉𝒐𝒅𝒆 56 kJ ∙ mol−1 [32] to 76 kJ ∙ mol−1  [30] 66 kJ mol−1[6] 

𝒊𝒏 Could be taken as membrane to be electronically insulating  0 

𝒊𝟎,𝒂𝒏𝒐𝒅𝒆
𝒓𝒆𝒇

 10−4 – 10−3 A ∙ cm−2 [33] 10−4 A cm−2[6] 



𝒊𝟎,𝒄𝒂𝒕𝒉𝒐𝒅𝒆
𝒓𝒆𝒇

 10−9 – 10−8 A ∙ cm−2 [33] 10−9 A cm−2[6] 

𝜸𝒓𝒇 20-90 [34] 47 to match with Ref. [6] 

𝜹𝒎𝒆𝒎 0.0022 – 0.0254 cm [35].  

Mark V FC contains Nafion 117 at 0.0183 cm  

0.0183 cm [5] 

𝒊𝑳 0.5 – 1.5 Acm-2 [36] or >2 [37] 1.5 Acm-2[5] 

Power (𝑃𝑜𝑤) achieved from an FC-stack for a given load: 

𝑃𝑜𝑤 = 𝑉𝑐𝑒𝑙𝑙 × 𝑁𝑐𝑒𝑙𝑙 × 𝑖𝑙𝑜𝑎𝑑 × 𝐴𝑐𝑒𝑙𝑙 = 𝑉𝑐𝑒𝑙𝑙 × 𝐼 × 𝑁𝑐𝑒𝑙𝑙 (15) 

where 𝑁𝑐𝑒𝑙𝑙 is the number of cells and 𝐴𝑐𝑒𝑙𝑙 is the cell area; both taken from stack’s specifications (i.e. Ballard’s Mark 

V, 5 kW stack with 𝑁𝑐𝑒𝑙𝑙 = 35, 𝐴𝑐𝑒𝑙𝑙 = 232 𝑐𝑚
2 [5]). The stack design was scaled for larger stack sizes, looking at the 

powers and sizes of commercially available modules. For example, the power output was modelled for two commercial 

stacks of different sizes with a known number of cells and cell area, and another two with no such specifications but 

with characteristics available from the literature. Specifically, 85 kW and 21 kW stacks were modelled using their actual 

𝑁𝑐𝑒𝑙𝑙 and 𝐴𝑐𝑒𝑙𝑙 found in the literature [38, 39], while 100 kW and 30 kW stacks were modelled by scaling Ballard’s Mark V, 

5 kW stack (e.g. 𝑁𝑐𝑒𝑙𝑙,100𝑘𝑊 = 100 𝑘𝑊 ÷ 5 𝑘𝑊 × 35(𝑁𝑐𝑒𝑙𝑙,5𝑘𝑊) = 700). Figure 2.a) shows that both methods led to 

accurate estimation of stacks’ power output. The Fuel-Cell model was further validated against experimental results [2] 

for a Ballard Mark V, 5 kW stack, operated at 70℃ and 3 atm. The results are presented in Fig. 2.b), showing only a 

slight overshoot of the model at high current densities. In the expected operating region (Ohmic at 0.3 – 1.0 A/cm2), the 

agreement between the published results and constructed model was satisfactory. 



 

Mass flows of reactants during power draw was calculated following Larmanie et al. [40].  

�̇�𝐻2,𝐹𝐶
(𝑘𝑔𝑠−1) = (1.05 × 10−8

𝑃𝑜𝑤

𝑉𝑐𝑒𝑙𝑙
) (16) 

�̇�𝐴𝑖𝑟,𝐹𝐶(𝑘𝑔𝑠
−1) = (35.7 × 10−8

𝑃

𝑉𝑐𝑒𝑙𝑙
) (17) 

Note that Eqs. (16) and (17) assume stoichiometric amounts of reagents in the redox reactions. Typically, PEM-FC 

operations require some excess amounts of reactants, so a fixed reactant excess factor of 1.6 was employed both for 

the cathode and anode sides, following [4] and [41].  

3.2. Turbocharger Model 

The turbocharger model was based on thermodynamic process calculations for compression and expansion [13, 42, 

43]. Regardless of the number of stages, the work required by a compressor and work obtained at a turbine can be 

determined based on the outlet and inlet conditions and isentropic efficiencies, as described in Eqs. (18)-(23): 

𝑃𝐶,𝑜𝑢𝑡 = 𝑃𝑅𝐶 × 𝑃𝐶,𝑖𝑛 (18) 

𝑇𝐶,𝑜𝑢𝑡 = 𝑇𝐶,𝑖𝑛 +
𝑇𝐶,𝑖𝑛
𝜂𝐶

[(𝑃𝑅𝐶)
𝛾𝑎𝑖𝑟−1
𝛾𝑎𝑖𝑟 − 1] (19) 

�̇�𝐶,𝑟𝑒𝑞. =
𝑐𝑝𝑎𝑖𝑟 × 𝑇𝐶,𝑖𝑛

𝜂𝐶
× [(𝑃𝑅𝐶)

𝛾𝑎𝑖𝑟−1
𝛾𝑎𝑖𝑟 − 1] × �̇�𝑎𝑖𝑟,𝐶 (20) 
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Figure 2. a) Power output of differently sized FC-stacks, modelled for 21 kW, 30 kW, 85 kW, and 100 kW; b) Comparison 

between modelled polarisation and power output curves with published experimental results for Ballard Mark V stack [5].  

https://aip.scitation.org/doi/pdf/10.1063/1.5121609


𝑃𝑇,𝑜𝑢𝑡 =
1

𝑃𝑅𝑇
× 𝑃𝑇,𝑖𝑛 (21) 

𝑇𝑇,𝑜𝑢𝑡 = 𝑇𝑇,𝑖𝑛 − 𝑇𝑇,𝑖𝑛 × 𝜂𝑇 [(
1

𝑃𝑅𝑇
)

𝛾𝑒𝑥ℎ−1
𝛾𝑒𝑥ℎ

− 1] (22) 

�̇�𝑇,𝑜𝑏𝑡. = 𝜂𝑇 × 𝑐𝑝𝑒𝑥ℎ × 𝑇𝑇,𝑖𝑛 × [1 − (
1

𝑃𝑅𝑇
)

𝛾𝑒𝑥ℎ−1
𝛾𝑒𝑥ℎ

] × �̇�𝑒𝑥ℎ,𝑇 (23) 

where subscripts 𝐶 and 𝑇 describe parameters for compressors and turbine, respectively, so a subscript 𝑖 describes 

the general form. Hence, 𝑃𝑖,𝑖𝑛 is the inlet pressure, 𝑃𝑖,𝑜𝑢𝑡 is the outlet pressure, 𝑃𝑅𝑖 is the pressure ratio, 𝑇𝑖,𝑖𝑛 is the inlet 

temperature, 𝑇𝑖,𝑜𝑢𝑡 is the outlet temperature, 𝛾𝑎𝑖𝑟 is the heat capacity ratio for air, 𝑐𝑝,𝑎𝑖𝑟 is the specific heat capacity for 

air, 𝛾𝑒𝑥ℎ is the heat capacity ratio for the exhaust gas, 𝑐𝑝,𝑒𝑥ℎ is the specific heat capacity for the exhaust flow, 𝜂𝑖 is the 

isentropic efficiency, �̇�𝐶,𝑟𝑒𝑞. is the work required by the compressor, �̇�𝑇,𝑜𝑏𝑡. is the work produced by the turbine, �̇�𝑎𝑖𝑟,𝐶 

is the mass flowrate of compressed air, �̇�𝑒𝑥ℎ,𝑇 is the mass flowrate of the turbine exhaust. 

In a turbocharger, compressor and turbine are connected with a shaft. The mechanical loss in the work transmitted 

from the turbine to the compressor was taken as 10% [13], leading to a requirement for matching both types of work: 

�̇�𝐶,𝑟𝑒𝑞. 0.9⁄ = �̇�𝑇,𝑜𝑏𝑡.. For simplicity, the calculations used fixed values of 𝜂𝑖, assuming that the compressor and turbine 

operated at the desired pressure ratios with the fixed efficiency regardless of the fluid mass flow. Specifically, 𝜂𝐶 and 

𝜂𝑇 were set as 75% [13] with high excess fluid flowrates (1.8 to 2.2 times the minimum air requirement determined in 

Eq. (17)). This assumption is more suitable for turbines since they often work at a fixed maximum efficiency [44]. 

However, for compressors, the efficiency depends on the pressure ratio, 𝑃𝑅𝐶, and the air flowrate, �̇�𝑎𝑖𝑟,𝐶𝑜𝑚𝑝, presented 

in compressor maps [44]. Therefore, to justify the assumed efficiency for compression, a commercially available 

turbocharger was selected, namely the G25-550 turbocharger by Garrett [44], checking the operability range and the 

power requirements arising from the modelled FCPS during the proposed mission.  

3.3. Heat Exchanger Model  

Any PEM-FC applications with LH2 require fuel preheating since the storage tanks release H2(g) at cryogenic 

temperatures (<-250℃), and cooling of air, which after compression is usually at a much higher temperature than the 

operating range in PEM-FC. Hence a heat exchanger is proposed. With a fixed 5 kPa pressure drop imposed, the heat 

exchanger model was primarily based on heat transfer principles. The calculations were performed assuming perfect 

heat transfer from the heat source, the hot compressed air, to the cold H2, accounting for the H2 enthalpy change. 

Thermal properties were taken from the NIST database [45];  



𝑇ℎ𝑜𝑡𝑜𝑢𝑡 =
−(∆�̂�𝐻2,𝑜𝑢𝑡 − ∆�̂�𝐻2,𝑖𝑛) × �̇�𝐻2,𝐹𝐶

�̇�𝑎𝑖𝑟,𝐶 × 𝑐𝑝,𝑎𝑖𝑟
+ 𝑇ℎ𝑜𝑡,𝑖𝑛 (24) 

where, 𝑇ℎ𝑜𝑡,𝑖𝑛is the inlet temperature of the hot medium (compressed air), 𝑇ℎ𝑜𝑡,𝑜𝑢𝑡 is the outlet temperature of the hot 

medium (compressed air),  ∆�̂�𝐻2,𝑖𝑛is the specific enthalpy of H2 entering the preheater, ∆�̂�𝐻2,𝑜𝑢𝑡 is the specific enthalpy 

of H2 exiting the preheater. 

The effectiveness-Number of Transfer Units (e-NTU) method [46] was used to provide sizing estimates for a gas-to-

gas cross flow heat exchanger.  

𝐶 =
min(�̇�ℎ𝑜𝑡 × 𝑐𝑝,𝑎𝑖𝑟|�̇�𝐻2,𝐹𝐶 × 𝑐𝑝,𝐻2)

max(�̇�ℎ𝑜𝑡 × 𝑐𝑝,𝑎𝑖𝑟|�̇�𝐻2,𝐹𝐶 × 𝑐𝑝,𝐻2)
(25) 

𝑁𝑇𝑈 =
𝑈𝐴𝐻𝑇

min(�̇�ℎ𝑜𝑡 × 𝑐𝑝,𝑎𝑖𝑟|�̇�𝐻2,𝐹𝐶 × 𝑐𝑝,𝐻2)
 (26) 

𝜖 = 1 − exp [
exp[−𝑁𝑇𝑈 × 𝐶 × (𝑁𝑇𝑈−0.22)] − 1

𝐶 × (𝑁𝑇𝑈−0.22)
] (27) 

𝑄𝑎𝑐𝑡𝑢𝑎𝑙 = 𝜖 × [min(�̇�ℎ𝑜𝑡 × 𝑐𝑝,𝑎𝑖𝑟|�̇�𝐻2,𝐹𝐶 × 𝑐𝑝,𝐻2)] × (𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝐻2,𝑖𝑛) (28) 

𝑇ℎ𝑜𝑡,𝑜𝑢𝑡 = 𝑇ℎ𝑜𝑡,𝑖𝑛 −
𝑄𝑎𝑐𝑡

�̇�ℎ𝑜𝑡𝑐𝑝,𝑎𝑖𝑟
 (29) 

𝑇𝐻2,𝑜𝑢𝑡 = 𝑇𝐻2,𝑖𝑛 +
𝑄𝑎𝑐𝑡

�̇�𝐻2,𝐹𝐶𝑐𝑝,𝐻2
 (30) 

where, 𝑐𝑝,𝐻2 is the specific heat capacity of H2, 𝑈 is the overall heat transfer coefficient, taken as 20 W m−2 K−1, so at 

the midpoint for U expected in gas-to-gas heat changers [47]. Then, 𝐴𝐻𝑇 is the heat transfer area, 𝑄𝑎𝑐𝑡𝑢𝑎𝑙 is the actual 

heat transfer at the intercooler, 𝑇𝐻2,𝑖𝑛 is the inlet temperature of the H2 side, 𝑇𝐻2,𝑜𝑢𝑡 is the outlet temperature of the H2 

side, 𝑇ℎ𝑜𝑡,𝑖𝑛 is the inlet temperature of the hot side, 𝑇ℎ𝑜𝑡,𝑜𝑢𝑡 is the outlet temperature of the hot side. 

During calculations, the value for 𝐴𝐻𝑇 was iterated to achieve 𝑇𝐻2,𝑜𝑢𝑡 = 𝑇𝑠𝑡𝑎𝑐𝑘(±0.5℃). Details of the e-NTU method and 

an example of performed calculations are given in the Supplementary Material, Section B. 

3.4. Water Management and the Humidifier Model 

During the operation of PEM-FC, water is created, but it leaves the stack with the flowing gases. As presented in 

Eq. (11), the efficiency of the PEM-fuel cell depends on the moisture content in the membrane. To keep the membrane 

humid at all times, the airflow prior to the fuel cell is usually humidified by injecting water or by taking the water from 

the waste humid air stream after the fuel cell. The second approach is preferred in aviation, avoiding additional ballast 

of liquid water at the cost of an additional unit for air humidification. 



In the proposed humidifier, the moisture is exchanged based on the RH difference between the wet (waste air) and dry 

(fresh air) sides of the humidifier. Here, the inlet and outlet conditions were known a priori due to the set humidification 

goal. For instance, at 100 kWel power draw under mid-operating conditions (70℃ and 1.5 bar), to achieve a log mean 

cathode side RH of 100% and taking the amount of water formed through the redox reactions into consideration, the 

cathode side inlet and outlet RH would be 65% and 145%, respectively. At 100 kWel, the amount of water needed to 

reach 65% RH from 0% RH was calculated as ~32 kg/h, which was less than the amount of water formed (~45 kg/h), 

suggesting sufficient levels of water in the system. Thus, the humidifier can be operated with the dry side’s inlet and 

outlet moisture levels of 0% RH and 65% RH, respectively, and the wet side’s inlet and outlet moisture levels of 145% 

and 100% RH, respectively. Here, the RH levels beyond 100% indicate liquid water, which then evaporates in the 

humidifier; hence, the overall energy balance for the waste air stream (wet side) remains unchanged.  

The humidifier model was constructed to verify that the moisture exchange was within achievable limits. Park et al. [48] 

analysed dynamic and static behaviours of a Perma Pure [49] humidifier designed for 80 kW FC stacks. Following their 

governing equations for the moisture exchange, the humidifier unit can be scaled and adapted. The rate of water 

transfer, �̇�𝐻2𝑂,𝑡𝑟𝑎𝑛𝑠, from humidifier’s wet to dry side is: 

�̇�𝐻2𝑂,𝑡𝑟𝑎𝑛𝑠
(kg s−1) = 𝐷𝑤

𝐶𝑤,𝑠ℎ𝑒𝑙𝑙 − 𝐶𝑤,𝑡𝑢𝑏𝑒
𝑚𝑒𝑚𝑡ℎ𝑖𝑐𝑘

𝑀𝑤,𝐻2𝑂𝐴𝑊𝑇 (31) 

where, 𝐷𝑤 is the membrane’s water diffusion coefficient, 𝐶𝑤,𝑠ℎ𝑒𝑙𝑙 is the water concentration at shell side, 𝐶𝑤,𝑡𝑢𝑏𝑒 is the 

water concentration at tube side, 𝛿𝑚𝑒𝑚,𝑡𝑢𝑏𝑒 is the membrane tube thickness (75 μm), 𝐴𝑊𝑇 is the membrane’s water 

transfer area. 

Note that the humidifier specified by Park et al. [48] comprised 10,000 Nafion-based tubes with 0.94 mm inner diameter 

(all enclosed in 0.19 m diameter housing) and 0.267 m length. The water diffusion coefficient was then calculated using 

empirical correlations: 

𝐷𝑤(𝑐𝑚
2𝑠−1) = 𝐷𝜆 exp [2416 (

1

303
−

1

𝑇𝑚𝑒𝑚
)] (32) 

with: 

𝐷𝜆 =

{
 
 

 
 10−6                      𝜆𝑚𝑒𝑎𝑛 < 2

10−6[1 + 2(𝜆𝑚𝑒𝑎𝑛 − 2)]    2 ≤ 𝜆𝑚𝑒𝑎𝑛 ≤ 3

 10−6[3 − 1.67(𝜆𝑚𝑒𝑎𝑛 − 3)] 3 < 𝜆𝑚𝑒𝑎𝑛 < 4.5

 1.25 × 10−6              𝜆𝑚𝑒𝑎𝑛 ≥ 4.5

(33) 

and membrane average temperature (close to 𝑇𝑠𝑡𝑎𝑐𝑘 as established): 

𝑇𝑚𝑒𝑚 =
𝑇𝑒𝑥ℎ,𝑖𝑛𝑙𝑒𝑡 + 𝑇𝑤𝑒𝑡,𝑜𝑢𝑡𝑙𝑒𝑡

2
(34) 



where, 𝐷𝜆 is the empirical constant for 𝐷𝑤 relationship, 𝑇𝑚𝑒𝑚 is the membrane temperature, 𝑇𝑒𝑥ℎ,𝑖𝑛𝑙𝑒𝑡 is the FC stack 

exhaust temperature, 𝑇𝑤𝑒𝑡,𝑜𝑢𝑡𝑙𝑒𝑡 is the humidified gas outlet temperature, 𝜆𝑚𝑒𝑎𝑛 is the average water activity between 

shell and tube side. 

Here, 𝜆𝑚𝑒𝑎𝑛 was determined from Eq. (13) as PEM-FC and Perma Pure humidifiers use NafionTM based membranes. 

Following that, 𝐶𝑤 could hence be computed before calculating the water transfer rate at the humidifier. 

𝐶𝑤,𝑠ℎ𝑒𝑙𝑙 =
𝜌𝑚𝑒𝑚,𝑑𝑟𝑦
𝑀𝑒𝑞𝑢𝑖𝑣,𝑑𝑟𝑦

𝜆𝑠ℎ𝑒𝑙𝑙 (35) 

𝐶𝑤,𝑡𝑢𝑏𝑒 =
𝜌𝑚𝑒𝑚,𝑑𝑟𝑦
𝑀𝑒𝑞𝑢𝑖𝑣,𝑑𝑟𝑦

𝜆𝑡𝑢𝑏𝑒 (36) 

where, 𝜌𝑚𝑒𝑚,𝑑𝑟𝑦 is the membrane’s dry density (0.001 𝑘𝑔𝑐𝑚−3), 𝑀𝑒𝑞𝑢𝑖𝑣,𝑑𝑟𝑦 is the membrane’s dry equivalent weight (1.0 

𝑘𝑔𝑚𝑜𝑙−1), 𝜆𝑠ℎ𝑒𝑙𝑙 is the shell side’s water activity of the membrane, 𝜆𝑡𝑢𝑏𝑒 is the tube side’s water activity of the membrane. 

For the maximum power draw required, up to seven identical humidifier units would be needed (560 kW ÷ 80 kW = 7). 

However, it is most likely that larger, custom-designed humidifier units can be designed, enlarging the length and shell 

diameter to fit in a larger number of tubes per humidifier.  

3.5. Combustor Model 

Turbocharger applications in PEM-FC systems are constrained by low exhaust temperatures from the FC stacks, 

leading to low turbine inlet temperatures. A combustor is therefore needed to raise the temperature of the exhaust gas 

used to power the turbine. Several possibilities for combustors include a flame type combustor, spark-ignition engine, 

or catalytic combustor. Here, a simplified combustion model is used to determine the outlet temperature, noting however 

that H2 combustion is more complex and commends its own separate analysis. Here, the temperature at the combustor 

outlet was calculated as:   

𝑇𝑐𝑜𝑚𝑏,𝑜𝑢𝑡 =
�̇�𝑓𝑢𝑒𝑙 × 𝐿𝐻𝑉𝐻2 × 𝜂𝑐𝑜𝑚𝑏

�̇�𝑒𝑥ℎ × 𝑐𝑝𝑒𝑥ℎ
+ 𝑇𝑐𝑜𝑚𝑏,𝑖𝑛 (37) 

where, 𝑇𝑐𝑜𝑚𝑏,𝑜𝑢𝑡 is the combustor outlet temperature, 𝑇𝑐𝑜𝑚𝑏,𝑖𝑛 is the combustor inlet temperature, �̇�𝑓𝑢𝑒𝑙 is the mass 

flowrate of H2 fed into the combustor, 𝜂𝑐𝑜𝑚𝑏 is the combustion efficiency, �̇�𝑒𝑥ℎ is the mass flowrate of exhaust exiting 

the combustor. 

Almost complete combustion was assumed (𝜂𝑐𝑜𝑚𝑏 = 0.98 [50]). In Eq. (37), �̇�𝑒𝑥, 𝑐𝑝𝑒𝑥ℎ, and 𝑇𝑐𝑜𝑚𝑏,𝑜𝑢𝑡 are 

interdependent, hence, were computed iteratively.  

Knowing the amount of H2 used in the FC and combustor, the overall FCPS efficiency (𝜂𝑒𝑓𝑓) was determined as  

𝜂𝑒𝑓𝑓 =
𝑃

𝐻𝐻𝑉𝐻2(�̇�𝐻2,𝐹𝐶 + �̇�𝑓𝑢𝑒𝑙)
× 100% (38) 



A summary table of the components model, references sourced, and approaches used for validation is provided in the 

Supplementary Material (Section C). 

4. Results and discussion 

4.1. Architecture Design 

Figures 3 and 4 illustrate the fluidic architecture of FCPS, selected after optimising the system’s performance during 

the proposed mission when looking for the highest system efficiency and the lowest consumption of LH2. 

 
In Fig. 3, LH2 from the storage tank (S) gives off H2 gas at <-250℃, substantially below the operating temperature of 

FC stacks. As shown in Fig. 3, H2 for the combustor (B) is not preheated, similarly to the LH2-powered system proposed 

by Atreya et al. [12]. In consequence, a portion of the combustion energy is used for preheating already in the 

combustor. Experiments by Panda and Hecht [51] presented such cryogenic combustion of H2 without the need for 

preheating. Here, however, two additional flows to the combustor: waste air and waste H2 after the FC stacks contain 

moisture; hence, potentially, the whole H2 feed may need to be ≥ 5℃ to prevent issues with water freezing. For the 

simplicity of the proposed FCPS, we assume that all inlet streams mix well, and the freezing of water can be ignored. 

For heating of the H2 feed directed to the stacks, two heat sources are identified: the hot compressed air from the 

compressor (C) or a portion of the exhaust gas from the combustor outlet (B). Because of the low density, the low-

pressure exhaust after the turbine (T) is excluded; its usage would require excessively large heat exchangers, as 

Figure 3. Proposed turbocharged FCPS for the Cessna 208 
Caravan retrofit shown for one side of the system and is to be 
repeated for the remaining side. 

Figure 4. Overall architecture showing Fuel Cell stacks (FC) 
and turbocharger blocks (C: Compressor, T: Turbine), the fluid 
flow for the Air-side as well as electric connections to 
propellers (M: Motor for applications in Magni-500 based 
electric propeller). Figure 3 is simplified to the FC stacks and 
turbocharger (dotted box) and appears twice to present the 
“dual” FCPS. 
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discussed in [13]. From the considered two options, the hot compressed air is preferred because this stream itself 

requires cooling before entering the PEM-FC. In the third alternative scenario, rerouting the combustor exhaust for H2 

heating would increase fuel consumption because less heat would be available for the turbine. In Fig. 3, the heat 

exchange between the cold H2 stream and the hot air stream is carried out in a preheater (P). 

After assessing the variation of the ambient pressure during the mission, it was determined that a single-stage 

compressor is needed. As shown in Fig. 3, the airflow after the compressor (C) is split into two streams: the air entering 

the FC stacks and a possible system bypass. The bypass is required to avoid the compressor surge when the power 

draw is low. Moreover, by passing a fraction of the compressed air stream, the sizing requirements of the air-to-H2 heat 

exchanger and humidifier depended only on the airflow requirements in the FC-stacks. Because the compressor is 

allowed to draw more air than needed to operate the FC stacks, the drawn mass flowrate of air is calculated as 

�̇�𝑎𝑖𝑟,𝐶𝑜𝑚𝑝 = (1.6 + 𝐹𝑏𝑦𝑝) × �̇�𝐴𝑖𝑟,𝐹𝐶(𝑠𝑡𝑜𝑖𝑐ℎ), where 1.6 represents the excess factor in the FCs (see Section 3.1), while 

𝐹𝑏𝑦𝑝 is the bypass factor relative to the stoichiometric air requirement. Flows of the bypassed, compressed air, and the 

cooled waste air after the stacks are directed to the combustor. 

The H2 flow through the anode side in the FC stacks is also higher than required in the FC operation, recirculating the 

unreacted H2 back to the FC. Alternatively, a fraction of the unreacted H2 is directed from the anode to the combustor. 

However, the main H2 feed to the combustor is independent of the FC to create a more reliable, unconstrained feeding 

system. To prevent possible water and nitrogen build-up at the anode, a purge line is also proposed. Water 

management for maintaining the proper stack humidification is achieved by using the water produced in the H2|O2 redox 

reaction on the cathode side (Assumption No. 4). The water is then recycled using a humidifier (see Section 3.4), thus, 

the water management configuration avoids additional tanks for on-board water storage.  

For selecting appropriate FC-stacks, large power requirements could be met with multiple smaller stacks instead of a 

single stack sized to the max load. Ballard’s approach in combining 2  stacks of Mark  s for their FC powered bus is 

an example [52]. To apply a similar approach for the system discussed here, the largest PEM-FC stack offered by 

Ballard for transportation applications is used, namely, their FCgen®-HPS, rated at 140 kW [53]. A multi-stack system 

with four 140 kW FC stacks is needed to meet the power requirements for propulsion outlined in Section 2 (Fig. 1) and 

allow one stack redundancy. As shown in Fig. 4, it is proposed to split the load into two identical FCPS systems 

(duplicates of the FCPS in Fig. 3), each with 2 × FCgen®-HPS units, a dedicated LH2 storage tank, and an air-

subsystem. The two FCPS are connected on the Air and H2 sides, allowing each system to take reactants from the 

other. The overall system would, thus, have redundancies in place for each core component. Following that, parallel 

fluidic and electrical connections architectures are chosen because of the highest achievable net power output and the 



option for quick isolation of inactive or failed stacks as stated by Cardozo et al. [54] and Marx et al. [55]. Adding off-the-

shelf “Cell Bypass Switches” [56] between the stacks and the DC Bus is also proposed, aiming to isolate failed stacks 

and avoid short circuit. The resulting parallel arrangement is shown in Fig. 5. Note that even if a larger PEM-FC stack 

rated at 280 kWel were commercially available and the multi-stack architecture reduced to two 280 kWel stacks, the 

quadruple 140 kWel architecture would still be preferred as the design should account for risk management and load 

delegation. If a two stacks failure were to occur, the 2×280 kWel system would experience a complete power loss, but 

such events occurring in a 4×140 kWel system would still have 280 kWel power remaining.  

To summarise, the identified equipment involved in the proposed architecture as illustrated in Figs. 3 – 5 comprise four 

FC-Stack units (potential product: Ballard FCgen®-HPS 140 kW stacks but other types of FC-stacks and new-type FC-

products might be more suitable for aviation); two turbochargers (potential product: Garrett G25-550); two preheaters 

(bespoke Air-to-H2 heat exchanger, potentially also by Garett with their cooler/heat exchanger product line [44]); two 

humidifiers (bespoke unit by Perma Pure); two LH2 storage tanks. Note that material compatibility should also be taken 

into account to prevent operational issues caused by, for example, ion-contamination or hydrogen embrittlement. 

The architecture design for the FCPS requires several practical considerations. For modelling of the chosen 140 kW 

stack, a scaling procedure described in Section 3.1 is performed. A turbocharger is selected by analysing compressor 

maps of commercially available equipment [44]. The proposed Garrett’s G25-550 can reach pressure ratios and 

efficiency ranging between 1.25 – 3.75 and 68% – 80%, respectively. This compression capability is sufficient to feed 

air to the FC stacks, taking that Pamb drops with altitude down to ~0.7 bar (3.05 km). Considering the stack’s operating 

pressure is taken to be at most 2 bars, the maximum required pressure ratio would be ~3, hence, safely within the 

Figure 5. Multi-stack architecture with parallel electrical and fluidic connections. Outlet fluid flows not 
shown to improve visual clarity. 
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compressor’s operating range. The estimated required heat transfer area during cruising was 𝐴𝐻𝑇 ≈ 7.34 m2; hence it 

is used to size the heat exchanger. For the humidifiers, the calculated rates of water transfer are compared to the 

performance of a Perma Pure unit for 80 kWel power draw used by Park et al. [48]. The water transfer in the Perma 

Pure unit is, however, reassessed for the RH differences expected for our system (dry side of 0% → 65% RH, wet side 

of 145% RH→ 100% RH as described in Section 3.4), giving water flowrates 20 – 30% higher than the water transfer 

required in our FCPS. If the assessed flowrates were instead smaller, larger or multiple humidifier units would have 

been required. The inclusion of a combustor is proposed to produce flue gas for driving the turbine; however, H2 

combustion with air could signify a risk for NOx emission. The NOX formation can be minimised by decreasing the 

combustion temperature, for example, when the process is carried out with excess air and near the lower flammability 

limit of 4.0%vol [57]. Nevertheless, the risk of NOx creation means potential greenhouse gas emissions, even though 

the system is carbon-free. 

4.2. Steady-state Responses Across Flight Mission 

The constructed FCPS model is used to simulate the flight mission (Fig. 1) with FC-stacks run at 70℃ and 1.5 bars, 

with simplified turbocharging calculations (𝐹𝑏𝑦𝑝 of 0.2, fixed 𝜂𝑐 and 𝜂𝑡 as discussed in Section 3.2) and with perfect heat 

exchange in the heat exchanger (Section 3.3). The simulations informe about the overall system efficiency and the H2 

consumption in the FC stacks (140 kW ×4) and the combustor. Throughout the mission, the power requirements shown 

in Fig. 1 are either split equally among the stacks (case 1, equal distribution mode) or a single stack deactivation is 

allowed at the end of the climb phase (case 2, daisy-chaining the stacks). Results from both cases are presented in 

Fig. 6.  

The observed trends for 𝜂𝑒𝑓𝑓 and H2 consumption are affected by the changing ambient conditions with altitude. 

Ambient pressure decreases with increasing altitude [58], which causes 𝜂𝑒𝑓𝑓 to decrease due to the rising total pressure 

ratio and so the workload during the air compression. However, the compression workload also depends on the air 

temperature, which also decreases with altitude, reducing the required work, and thus, the H2 consumption. The net 

effect is reflected in Fig. 6 during the climb and descent phases. Figure 6.a) also shows that, to complete the mission, 

a total of 41 kg of H2 fuel would be needed for case 1 with equal distribution power-sharing.  

As shown in Fig. 1, the required cruising power is 390 kWel. Hence, the proposed architecture comprises 140 kW × 4 

FC stacks: 3 stacks to reach the power requirements, and an additional 4th stack for redundancy. In case 1, with equal 

power distribution, the power draw from each stack is 97.5 kW. However, the cruising power requirement of 390 kWel 

is sufficiently low to operate with only three stacks (140 kW × 3) while deactivating the fourth one. Hence in case 2, 



each of the three working stacks would then be operated at 130 kW during cruise, and the fourth one would be left 

unused, as expected in a daisy-chained power-sharing mode [54].  

A daisy-chained or a sequential power-sharing mode could be performed to preserve a given FC-stack’s lifetime. During 

operations, FC stacks are subjected to slow degradation, which results in decreasing voltage with lifetime. The expected 

degradation rate is in micro-volts per operating hour; for example, Cardozo et al. [54] stated a value of 5 𝜇V/h. As seen 

in Fig. 6 b), although this voltage decay is avoided for the deactivated stack in case 2, the remaining active stacks 

operated at a higher power draw (130 kWel) than the four stacks in case 1 (97.5 kWel). Hence, case 2 is affected by 

greater inefficiencies due to the rising effect of overpotentials. Figure 6.b) shows that this less optimal operation would 

result in a ~10% increase in H2 consumption. Life-cycle analysis is recommended to discern the overall value of 

performing daisy-chained power-sharing modes in the discussed application. Beyond the stack-saving purposes, 

case 2 informs on case 1’s performance in the event of one-stack failure. Namely, case 2 could be seen as a stack 

failure occurring at the start of cruising, where the aircraft is still permitted to complete its mission with only three working 

stacks. Because of the consequent drop in the overall efficiency of the FCPS with 3 stacks, the capacity for the LH2 

storage should be sized to account for the higher fuel requirements. 

4.3. Failure Analysis 

Failure analysis techniques that have been applied to PEM-FCs include the Failure Mode and Effect Analysis (MEA), 

Fault Tree Analysis (FTA), and Petri-Net Simulation as discussed by Whitely et al. [59] to which the authors also 

proposed the Petri-Net as their most preferred technique for analysing the PEM-FC stack’s component failure (e.g. 
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Figure 6. a) Steady State Response of the FCPS under Equal Distribution Power Sharing Mode (case 1) for the 
Flight Mission constructed; b) A Single Stack deactivation (case 2) when the aircraft reaches its cruising altitude. 



failure at catalyst layer and bipolar plates), mainly because of the complex and interdependent nature of MEA in PEM-

FC stacks. For analysing larger systems, with FC stack and the auxiliary equipment, Fault Tree Analysis (FTA) was 

applied by Collong et al. [60], who studied the overall reliability of the system, accounting for other equipment, e.g. H2 

storage tank, relief valves and sensors. Here, an FTA with an Exponential Distribution probabilistic technique and fixed 

failure rates (in a number of failures per million hours) is applied to analyse the failure rate of the proposed FCPS. The 

FTA method is chosen as the most adequate to analyse multiple subsystems involved.  

The Top Event in a mission of an aircraft is the failure to provide power to the propellers. The result, however, might 

not necessarily indicate a complete catastrophic failure and harm to passengers because the aircraft could still be able 

to glide while performing safety manoeuvre [19] and “dead-stick landing” [61]. Lower-level Group Events are based on 

the FCPS subsystems, categorised as “Failure to Provide H2 to the system”, “Failure to Provide  ir to the System”, and 

“FC Stacks module’s Remaining Power is less than  90 k el” (at minimum two stacks failing, which is a more 

conservative event compared to the complete failure of all four stacks). Any of these events occurring will initiate the 

Top  vent, so an “OR” gate connects these upper-level group events.  

In commercial aircraft, a turbofan engine has a failure rate as low as 1×10-6 h-1 [62]. But a more direct comparison 

would be on turboshafts as it is an engine without any propeller attached (essentially the counterpart to FCPS in this 

study). Even so, this engine has an in-flight shutdown rate of 1 per 651,126 h [63] or ~1.6×10-6 h-1. For the analysed 

FCPS, most of the failure rates for the basic events exceeds the ~1 × 10−6 h-1 target (see Fig. 7). However, the final 

failure rate is significantly lower than the target value, primarily because of the planned comprehensive redundancies. 

Indeed, the proposed FCPS offers twin systems, each with a single turbocharger, dedicated storage tank, and 2x140 

kW stacks. Since for the Top Event to occur, elements from both systems would need to fail simultaneously, the overall 

reliability of the FCPS is exponentially improved. The fault tree in Fig. 7 shows that the resulting failure rate for the Top 

Event is ~3 × 10−8 h-1, signifying the potential to comply with airworthiness requirements.  
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4.4. Cessna 208 Caravan FCPS Retrofitting 

A study for a potential FCPS retrofit is conducted based on the Cessna 208 Caravan aircraft dimensions and weight 

specifications. Two major components to be replaced are the original jet fuel and the PT6A-114A jet engine, which 

could be swapped with the Magni-500 propulsion system like in the eCaravan [17]. Fuel for Cessna 208 Caravan is 

stored in wings [14] but this storage strategy is currently unfeasible for LH2, so the LH2 tanks are placed in the cabin. 

The cabin compartment presented by Textron Aviation [14] indicates that the space required for the LH2 tanks and FC-

stacks can be created by removing three seats in the back row and two towards the back end of the aircraft; hence, 

reducing the aircraft occupancy to 8 passengers. The components of the proposed FCPS are not limited to the cabin 

interior only. For example, the preheater is proposed to be placed outside of the aircraft, while turbochargers near the 

engine compartment with an in-built exhaust.  

At an average passenger weight of 88 kg [71] and with the original usable kerosene storage fuel, the sum of removed 

weight is estimated as 1273 kg. The corresponding volume available with the removal of the back seats is 4.46 m3 (2 

m long × 1.63 m wide × 1.37 m high). Assuming contemporary gravimetric and volumetric efficiencies of LH2 tanks of 

15% [72] and 45 kgH2/m3 [73], respectively, which are probably very conservative values of what should be achievable 

soon, a storage tank for LH2 with a storage capacity of 60 kgH2 (~40% additional margin from the requirements in Fig. 6) 

is selected. This tank would weigh 400 kg, occupying ~1.34 m3, capable of providing 60 kg H2, which is equivalent to 

~8.5 GJ energy on a HHVH2 basis.  

Because of the significant space requirements to fit the LH2 tanks, other options for clean liquid fuels can also be 

considered. For example, methanol (CH3OH) can be synthesised from bio-feedstock and used in PEM-FC, with the 

main benefit arising from the possibility of fuel storage in the aircraft’s wings. Assuming a substitute to Direct Methanol 

Fuel Cells (DMFC), about 370 kgMethanol would be required to replace 60 kgH2 because the high heating value of 

methanol per kg of fuel is only ~16% of that for H2. However, DMFCs provide lower power density and efficiency than 

PEMFCs [74]; thus, more stacks will be required, adding weight and taking more space in the cabin, further reducing 

the number of passengers. Another FC-applicable liquid fuel is ammonia (NH3), for which the recently growing 

prominence arises because of ammonia’s relatively high chemical storage density. Taking NH3 as a method to store 

H2, the required 60 kg of H2 involves about 340 kg of NH3. The direct usage of NH3 is currently efficient only with high-

temperature solid-oxide fuel cells (SOFC), but several practical challenges remain, as recently highlighted by Jeerh et 

al. [57]. Overall, for PEM-based FCPS, LH2 remains one of the most attractive candidates among the considered 

carbon-neutral fuels. 



To propose the size of LH2 tanks, we first consider the space required to fit the selected four FC-stacks. The largest 

dimension of the Ballard FCgen®-HPS [53] is 0.555 m, leaving the available cabin height ≤0.81  m). Taking the LH2 

storage to be achieved with two identical cylindrical tanks (Figs. 3 and 4), each tank, when arranged horizontally, could 

be ~1.8 m long with ~0.74 m outer diameter. Figure 8 presents the proposed FCPS for Cessna 208 Caravan and the 

location of the LH2 tanks, with a list of new and exchanged components, their volume and weights. Note that the weight 

calculations in Fig. 8 do not consider supplementary components such as supporting structures to secure the equipment 

rigidly in place, piping, high voltage cables, etc., all of which are relatively small in size but would add significant weight 

contributions. However, the presented calculations show weight savings >200 kg, which should serve as an allowance 

for the supplementary components. Hence, the proposed retrofit is expected to be of similar weight or lighter than the 

original Cessna 208 Caravan, especially with the expected progress in LH2 storage technologies. 

Compared to the available power systems in aviation, FCPS has a low power density, although the potential for 

improvement is significant [1]. In the proposed retrofit for Cessna 208 Caravan, the main drawback arising from the low 

power density of FCPS has been discussed, namely that the total number of passengers allowable in the aircraft needs 

to be reduced from 14 to 8 to allow for the weight and volume of the FC stacks and LH2 storage tanks. This drawback 

can be reframed for the overall mission, namely that we would need two retrofitted aircraft to transport the same amount 

of people and fulfil the same mission as the original Cessna 14-passenger plane. 

 



5. Conclusions 

In conclusion, a turbocharged multi-stack FCPS for aircraft applications was designed and modelled in MATLAB. The 

system was developed as a potential retrofit for an electric version of the Cessna 208 Caravan, equipped with a 

560 kWel electric propulsion system. The system contained four Ballard PEM-FC stacks, each rated at 140 kWel, with 

two Garrett G25-550 turbochargers. Steady-state responses of the FCPS were simulated across a representative flight 

mission: 1.5 h long, covering more than 350 km as constructed using the aircraft flight manual. At least 41 kg of H2 was 

Figure 8. a) FCPS retrofit proposal in Cessna 208 Caravan showing approximate locations and volume taken by the 

systems, b) Cessna 208 Caravan cabin compartment showing possible tank locations and estimated weight of replacing 

components. Cessna 208 Caravan diagram taken and edited from Lacoste [81]. 
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required to complete the mission using four stacks with equally shared power mode. Up to 10% more fuel would be 

needed if one stack were inactive from the start of the cruise phase, either due to a planned deactivation (daisy-chained 

power-sharing) or a stack failure encountered and isolated. Failure analysis on the overall FCPS demonstrated that the 

system reaches an overall failure rate as low as for a jet engine used in commercial aircraft. Results from the steady-

state response study were used in sizing appropriate LH2 storage tanks and other components of the potential FCPS 

for retrofitting Cessna 208 Caravan. A fully H2-powered commercial aircraft, carrying up to 8 passengers and performing 

flight missions constructed in this paper was found feasible and warrants further study. 
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Nomenclature 
ϵ Effectiveness factor 

  η Efficiency (%) 

A Area (cm2 or m2) γrf Electrode roughness factor 

C Ratio of capacity rate γi Heat capacity ratio 

Cw Water concentration (mol cm-3) λ Membranes water activity 

cp Specific heat capacity (kJ kg-1 K-1) σ Membrane conductivity (℧ cm-1) 

D Diffusion coefficient (cm2 s-1) ρ Density (kg cm-3) 

E Cell potential or voltage (V)   

F Faraday constant (C mol-1) Subscripts 

∆G Gibbs free energy (kJ mol-1)   

LHV Low heating value (kJ kg-1) act Activation 

∆Ĥ Specific enthalpy (kJ kg-1) C Compressor 

HHV High heating value (kJ kg-1) conc Concentration 

i Current density (A cm-2) comb Combustor 

Mequiv,dry Dry equivalent weight (kg mol-1) el Electrical 

ṁ Mass flowrate (kg s-1) exh Exhaust 

NTU Number of transfer unit FC Fuel cell 

Ni  Number of “ ”  H2 Hydrogen 

P Pressure (bar) H2O Water 

PR Pressure ratio HT Heat transfer 

p Partial pressure (bar) in Inlet 

Pow Power (kW or shp) L Limiting 

R Universal gas constant (J mol-1 K-1) mech Mechanical 

RH Relative humidity mem Membrane 

Q Heat transferred (W) O2 Oxygen 

T Temperature (K or ℃) obt. Obtained 

U Overall heat transfer coefficient (W m-2 K-1) oc Open-circuit 

Ẇ Work required/obtained (kJ s-1) out Outlet 



  ref Reference 

Greek Letters req. Required 

  T Turbine 

α Charge transfer coefficient trans Transferred  

δ Membrane thickness (cm) WT Water transfer 
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